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Abstract

The Flash X-Ray Radiography (FXR) facility at Lawreriégvermore National Laboratory utilizes
a high current, long pulse linear induction accelertdgproduce high doses of x-ray radiation.
Accurate characterization of the transverse beanttame is required in order to facilitate
accelerator modeling and tuning efforts and, ultimatelypgtmize the final focus spot size,
yielding higher resolution radiographs. In addition tovamtional magnet scan, pepper-pot, and
multiple screen techniques, optical transition radiaf@TR) has been proven as a useful
emittance measurement diagnostic and is particuladlyswited to the FXR accelerator. We shall
discuss the time-resolved emittance characterizatioanahduction linac electron beam using
OTR, and we will present our experimental apparatus angsemabftware. We shall also develop
the theoretical background of beam emittance anditram radiation.

l. INTRODUCTION

The LLNL Flash X-Ray Radiography (FXR) facility isp=ble of producing high doses (~10 R)
of x-ray radiation by focusing a 3 kA, 70 ns, 17.5 MeV etmttbeam into a Tantalum
bremsstrahlung target [1]. In order to improve the spasisolution of FXR radiographs, a
considerable effort has been undertaken to identify amidowe key factors limiting the final
focus spot size of the FXR accelerator. Transverse beaitiance, energy variation, beam
motion, and focusing aberrations can all play a rolenmiting the electron beam focus [2]. At
FXR, emittance and energy variation have been ident#gedhe key limiting factors. In this
paper, we shall focus primarily on efforts to charazéeand reduce the emittance of the FXR
injector and accelerator.

Transverse emittance is a measure of the phase splaeeevof the beam in the dimensions
perpendicular to the beam axis. Qualitatively, emigaren be thought of as the temperature of
the beam -- a measure of the random disorder in Hresverse momenta of the constituent
particles. Quantitatively, transverse emittance isnaeffiby drawing a contour around a given
percentage of particles in phase space and gives us aicalrfigure of merit for describing the
quality of the beam. As the beam is focused or defocused;anvergence or divergence of the
beam envelope yields a correlation between particle positind angle of motion; if, however,
we focus the beam to a waist, the correlation betweeticle position and transverse momentum
is minimized. The remaining random angular spread of tamptgether with the radial profile,
characterizes the emittance [3]. We can easily inggiat a perfectly “cold” beam with zero
emittance could be focused to an infinitely small pdigt a perfectly linear focusing lens
(ignoring space charge effects). The random angular dmfea beam with nonzero emittance,



however, makes this impossible — the larger the emétahe larger the random angular motion
of the particles, and thus the larger the final focus spot.

A variety of emittance measurement techniques are eewploy particle accelerators today,
including collimation of the beam with an array of shaglertures (“pepper-pot” technique) [4],
magnet scan techniques in which the beam profile is clearsed as a function of varying
focusing parameters [5], and multi-profile technigues in whiiehbeam profile is characterized
simultaneously at several locations [6]. Optical Tramsi Radiation (OTR) provides an
attractive alternative to these methods and avoids mbthye potential pitfalls that make other
measurement techniques difficult to implement on a higheat, high-energy beam -- magnet
scan techniques are influenced by space charge effectifdispavith solenoid focusing
magnets), and the high energy at the exit of the a@ter requires pepper-pot grids of an
unreasonable thickness to effectively stop the beam. Wehright equipment, OTR allows
emittance to be measured at a single point in a ssiglewithout varying the beam envelope or
attenuating a significant portion of the beam. Timehesl measurement of emittance is
possible with fast camera gating, and spatially resolveaisantements in selected parts of the
beam profile can be achieved through clever target foihdd3i.

The existence of transition radiation was predicted mzléirg and Frank in 1946 [8] and the
theory was thoroughly developed throughout the 1970s [9-12]. FromthB8ditgh the present
day, OTR has been utilized for beam characterizatiohigin-energy particle accelerators [13-
16] and, in particular, on high-current induction linacsl{7]. Transition radiation is emitted as a
moving charged particle crosses the boundary between twhanod differing dielectric
properties, typically vacuum and a thin metallic foilthe case of a beam diagnostic. Although
TR is inherently broadband, a significant portion of tigdt is emitted across the visible
spectrum for relativistic electron beams [18], hencdeha optical transition radiation. Because
of this, we can utilize conventional optics and cameessgned for visible light. OTR light is
emitted in a characteristic angular distribution tthepends on the energy and incident angle of
the particle. Since an electron beam is an ensembiteny particles with differing energies and
angles of motion, the observed pattern is a “blurred” agsition of many single-particle
patterns. By empirically measuring the “blur’ of the patt and fitting to a theoretically
predicted distribution, we can deduce the angular spreattheobeam and, ultimately, the
emittance.

Emittance is a conserved quantity — although nonlinear focusidgaccelerating forces can
cause an effective growth of emittance through the eatelr, angular motion that is not
correlated to position in the beam cannot be later redddeus, it is critical to tune the injector
to generate a beam with the lowest possible emittanoeder to produce the best possible final
focus. Pepper-pot measurements by T. Houck et. al. [24] tedibat the normalized emittance
is 193 cm-mr at the FXR injector exit, which is both cdesably larger than simulations predict
(36 cm-mr) and also much larger than measured emittamtbeatsimilar facilities (75 cm-mr at
DARHT-I, 47 cm-mr at ETA-II, and 110 cm-mr at ARIX). Memements at the exit of the
accelerator yield a normalized emittance of 385 cm-mav@mnage, indicating emittance growth
through the linac and highlighting the need for further ddagnand modeling.



Cathode Energy Current Tvpe Normalized Scaled

Accelerator Type (MeV) (kA) Measurement | g, (cm-mr) £y s LCIN-IT)
ARIX’ Velvet 3.85 20 Envelope 110 115
ETA-IT® Dispenser | 2.55 14 Pepper Pot 6l 93
ETA-IT Dispenser | 6.0 20 Pepper Pot 47 60
DARHT-IY | Velvet 375 40 Envelope 75 a7
FXRY Velvet 175 33 OTR 370 370
FXRY Velvet 17.9 33 Envelope 400 400
FXR"™ Velvet 21 33 Pepper Pot 193 193
FXR Velvet 2.1 313 Simulation 30 30

Table 1.1.Measured emittance at high-current linear inductionlac®rs. From T. Houck [24]

Recent modeling efforts have confirmed the robustnedseofFXR injector design with regards
to mechanical alignment and position perturbations asagedimall errors in the magnetic fields
and, in general, suggest that the current injector debiguds produce a much lower emittance
than is observed [24]. Three different codes (TRAK, OmakJrand LSP) were utilized to
simulate the FXR injector and, although they agred with each other, they clearly do not
agree well with reality, suggesting that some featur¢hefunderlying physics is not being
correctly modeled. A likely explanation for this diguamcy is that the emission from the
cathode is not uniform — simulations show that a lat@84 of total area) non-emitting region at
the center of the cathode could double the emittance, aginghof the plasma light generated
at the cathode displays a non-uniform, mottled appearardch is, unfortunately, beyond
current modeling capabilities to simulate [24]. A possiMduton may be to redesign the
injector to increase the electric field gradient ba tathode, leading to more uniform emission;
since the details of the current distribution cannoateurately modeled, empirical emittance
measurements are the only option for evaluating trextsfiof a redesign on injector emittance.
Another possible explanation for the higher than exjgeetaittance is the interaction of the
beam with the metallic pepper-pot foil — simulations shiat the presence of a thin metallic foil
at the injector exit doubles the emittance of the beam [Pddether, these two effects may
account for the discrepancy between predicted and measuitdnee values. In order to test
the efficacy of new tunes and hardware improvementseam emittance, a robust, reliable, and
fast measure of beam emittance must be available tadprewmpirical feedback on theoretical
modeling efforts; it is with this goal in mind that the O&Rittance measurement diagnostic has
been developed and implemented on FXR.

Il. BEAM PHYSICS

Emittance

In order to establish the theoretical background for beaittance, we shall follow a treatment
by B. M. van Oerle [19]. The motion of an ensemble reefelectrons can be completely
described by a six-dimensional space called “phase space@hespaby the three spatial
coordinates and the three momentum components of thelgmrin general, we need not deal
with the entire six-dimensional space at once; iniq@dar, if we can define a coordinate system
such that there is no correlation between the x,ng a dimensions, we can isolate each



dimension into its own two-dimensional space calledc® space.” Let us define a Cartesian
coordinate system in which the z-axis is the longitudime of the beam. The trace space for the
x dimension is spanned by the spatial coordinate x andcheation of the velocity vector,

Py 2.1)
P,

X|

. A similar description applies for the y dimensidiogether, the x and y trace spaces define the
“transverse” emittance of the beam, while the zatision defines the “longitudinal” emittance.

Here, we shall limit our discussion to the transeeemittance.

The mean value of an arbitrary quantity A overpheicle distribution is given by
(A= j j f (x, x') Adxdx (2.2)

, Where f(x,x’) describes the distribution of elects in trace space and can be Gaussian,
parabolic, uniform, or completely arbitrary in farithe distribution function is normalized such
that the integral of f(x,x’) over all trace spadeas the number of particles in the distribution.
We can now define the RMS values for the spatidtlwand angular spread of the distribution:

X = <x2> (2.3)
X s = <x'2> (2.4)

In order to fully describe the evolution of the fide beam, we must understand the evolution of
the second moments of the distributigmx), (xx), and (x'x). The time derivative ofxx) is

given by

£< x) = J I [M xc+ f (X, x)% x+f (x, x')x?j—ﬂdxdx'

dt ot
= J j of (x.x) XX’ dxdx'+<x%> + <% X'> (2.5)
ot dt dt

If we assume the distribution is not explicitly e@epdent on tlme,g—t =0, so

d N /oax ax |
E<XX>_<XE>+<EX> (2.6)

and



d _ dx
E<XX> —2<XE> (2.7)

d /s = of ¢ X
E<X x>—2<x dt> (2.8)

We can define an equation of motion for the ensemble gicles by recognizing that each
particle experiences two categories of force: extemaalsport forces &Jand self force Ffrom
interactions with the other particles in the ensembleis, for each particle,

d?x!
t2

m =F. +F (2.9)

, whereF, = > F . If we substitute this equation of motion into equatiofs28, we obtain

j#i

d N 1 pz 12
E<XX>__Z<X(FS+F‘*)>+F<X > (2.10)
d 12\ — 2 1

E<X >_D_Z<X(FS+FQ)> @1
d 2 2 z '

a<x >= rz (xx) (2.12)

We now define the-matrix,

UE&m§<x$} (2.13)

In order to simplify our analysis, we shall makengoassumptions regarding the nature of the
forces acting on the particles. First, since acesde transport optics are generally carefully
designed to ensure linearity in order to prevenittance growth, we shall assume that the
transport forces are linear in x, that &t) = —k(t)x. We shall also assume that the self-force of

the particles is linearly dependent on x such (leg) = a<x2>. We can now express equations
2.10-2.12 as the transformation of thenatrix:

EU:FB7+UEFT (2.14)
dt



, where

o P
F=| _keg (2.15)
0
P,

In the special case that the self-force of theiglag can be neglectedr(= 0), our analysis can
be further simplified:

Opg =R,y (R (2.16)

initial

. In this case, we say that the beam is “emittatm®inated.” We should note that, although
space charge effects are not entirely negligibimukations indicate that the FXR beam is
emittance dominated at the exit of the accelef@®rp. 24]. R is called the transport matrix and
is defined as

R:|+jFamt (2.17)

, Where | is the identity matrix. The transport matlso gives us the evolution of the first
moments of the distribution:

)t

Emittance is defined as the area in trace spadessitby a contour that encompasses a given
number of particles in the distribution. We defihe RMS emittance as the square root of the
determinant of the-matrix:

£, E\/H:\/<x2><x'2>—< XX >2 (2.19)

The second moment terr\‘no<'>2represents a correlation between x and x' thattexhen the

beam envelope is converging or diverging; qualidyi, it can be thought of as a measure of
inward or outward flow of transverse kinetic energit a waist, this correlation is minimized
and the second moment term is zero [22]. Thuswatist, the emittance reduces to

£, = <x2><x'2>:x X' (2.20)

X rms*" rms



This is particularly useful for our diagnostic purposés;cesthe RMS spot size and divergence
can be independently measured to yield the emittance.

In order to more clearly express the relationship betwemittance and trace space, we can
rewrite theo-matrix as

o= ‘{ F _a] (2.21)

. In this form,a’, ', andy are called Twiss or Courant-Snyder parameters, anddhey the
Courant-Snyder equality'y’-a'> = . Thus, the ellipse in trace space has the equation

Y'Xe+2a' xxX+B'x*=¢ (2.22)

and has area equal to pi times the emittance. The figpetew illustrate the relationship of the
Twiss parameters to the trace space ellipse and shoavoheion of the trace space distribution
as the beam goes through a focus.

//
2,
—

"
N

N

><

Ax

P T

Figure 2.2.Evolution of the trace space distribution as the beamtoesgh a focus. From B.M. van Oerle [19].

If we multiply the above definition of emittance I8y (the normalized velocity and the
relativistic Lorentz factor of the electron bunclwg obtain the normalized emittance,



Evorm = BYE (2.23)

. The normalized emittance is invariant under changesnefgy, an obvious benefit when

dealing with accelerators. Note that emittance is coadeowly if the assumptions made in our
analysis above hold true — nonlinear accelerating amgpoat forces and space charge effects
can all cause an effective emittance growth.

Our chosen definition of RMS emittance is by no meaeatily valid description, a fact that is
made painfully obvious by the lack of a universally consigiefinition in the literature — beam
physicists from different institutions often utilize thewn unique definition of emittance. For
trace space distributions with a clearly defined boundamdge, it is often useful to refer to the
“‘edge emittance” or the “100% emittance.” In this cabe, trace space ellipse is chosen to
encompass all (or most) of the particles in the distion. Edge emittance is also a particularly
attractive choice when dealing with extremely high polaeams or beams of massive particles
in which the loss of even a small portion of the bemaomdesirable; FXR falls into this category,
and so edge values are frequently utilized. The rekttiprbetween edge and RMS emittance is
not necessarily straightforward and depends on the particeam distribution. The table below
was produced by Art Paul [20] and provides conversion fadtorsaa number of common
distributions.

Distribution cutoff beam
function amplitude edpe . S0 Iy, . Ehe
uniform = a a2 a /2 ag e .
parabolic - a b3 a2 V3 aa’ 3e
Gaussian : o InZa oo’ -
! 0.13534 2 = - = 2o,
i 0.1 in 10 & = - = 2. 30e
i 0.0498 VI = z = 32,
L0183 e - - - de

Table 2.1.Comparison of spot size and emittance values for vabieas distributions. From Art Paul [20].
Spot size

Now that we have defined emittance, we would like to kiteweffect on our ability to focus the
beam. We shall follow a treatment by Yu-Jiuan Chdatirey final focus spot size to emittance,
energy variation, and other beam parameters folemsio focusing system such as that found
on FXR [21]. Throughout our analysis, we shall use thsauptsO andf to denote conditions at
the entrance of the focusing lens and at the focal paaspectively. We shall also utilize the
thin-lens approximation and assume that our focusingdeaages only particle trajectory and
not particle location over the length of the lensthis case, spot size at the entrance and exit of
the lens are equal. We begin with the Lee-Cooper’s RiM&lope equation for an emittance-
dominated, coasting beam:

R'=_ (2.24)



, Where R is the RMS spot size ands the RMS emittance, as defined above. As noted in the
previous section, simulations indicate that the FXRrb&emittance-dominated at the exit of
the accelerator [25, p. 24]. Multiplying by R’ and integrgtboth sides, we obtain

. 2 £? £?
RZ_RO zg_? (225)

At the focal point, R=0, so we can write the above equation as

RE=—ER | £ =(if (2.26)
ROR+e? ([R]) (R
, where
f:% (2.27)

. The final approximation above assumes tﬁdiR{)‘ >> ¢ since the final spot size is usually
much less than the spot size at the entrance t@tiisihg lens. Thus,

Rf = 2.28
R (2.28)

As we mentioned in the introduction, energy variatiowal as emittance limits the final focus
spot size at FXR, since energy spread leads to chronh&ticadion in the final focus system. To
investigate the effect of energy spread on spot sizehaifollow an analysis by M. Reiser [22,
p. 108]. Since the focal length of the lens depends on dmemtum of the particles, particles
with different momenta are imaged to different foglaines downstream of the lens; thus, if we
consider the entire ensemble of momenta and trajestasthin the beam, we can imagine that
the beam will not be focused to a single point, butenrato a waist of non-zero radius which, in
optics terminology, is commonly known as the “cirofdeast confusion.” We shall refer to the
radius of this circle as KIn order to simplify our analysis, we will assunimatt the beam is
collimated at the entrance to the final focus leng, ihaR'=0. The spread in image locations,
Az, depends on the momentum spre@R, If we consider P to be the average momentum of
particles in the beam, then particles with momentudRPwill be focused at a poin+Az;,
where

Az, = (ﬂJAP (2.29)
op

If the angle of convergence for the particle with motmenP isa, then



—al O \ap = i P OF | AP
R —a[aPJAP af(f apj S (2.30)

We define the chromatic aberration coefficient, &

f 2 foP

For a thin solenoidal lens, this coefficient is siynpquivalent to the focal length of the lens:
C=f[22, p. 109]. Thus, we find that

R =2aC, AP =00t AP = oo BV (2.32)
P P B’y

Finally, by noting thatR, = f (an(a) = af , we obtain

Ay
B’y

R =2R, (2.33)

This gives us the minimum achievable spot sizenibmatic aberration were the only limiting
factor. Combined with emittance, the two effectd adquadrature, and so the overall expression
for our spot size is

, o 2 Ay 2
R =|=| +|2R,—, 2.34
(Roj { RO/J’ yj (239

The chart below illustrates the combined effecterofttance, energy variation, and beam size at
the focus magnet entrance on the final focus sget 8Ve should note that although every lens
has some inherent spherical aberration, the efemnall compared to emittance (a few percent
for a nominal FXR beam), and so we have chosegrre this effect in our discussion [21].
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RE. AYY.f. R,
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> Rn
2R, (Ay/y)
Figure 2.3.Final spot size as a function of emittance, energytian, focal length, and entering beam radius. From
Y. Chen [21].
lll. OTR THEORY

Transition radiation is emitted whenever a chargedgbartrosses the boundary between two
media of differing dielectric properties. Qualitatiyelwe can understand the effect by
recognizing that a moving charged particle carries an eddald with it, which depends on the
dielectric constantg, of the medium. As the particle crosses into the needium, the fields
must reorganize themselves in the presence of the negctielconstant and, in the process,
some of the fields are “shaken off” as transitionaton [18].

A rigorous analytical treatment of transition radiatiinvolves using Maxwell's equations to
solve for the radiation fields in the two media andl@pg the proper boundary conditions. The
most general case is an electron passing from mediuithldiglectric constant; into medium

2 with dielectric constard, at normal incidence to the boundary. The expressiothéspectral
intensity, |, of the radiation emitted into mediumn2o the solid angle @ and in frequency
range dowas derived by Ter-Mikaelian [10]:

d?1,(8,w) _
dedQ
e’ /¢, sin® 6, cos 6,
e

(e, - 52)(1—,8252 - By, — &, sin? 92)

(1— [*e,cos 6, )(1— B &, —€,8IN° 6, [51 cosd, + \/5152 -¢,°sin? sz

(3.1)

X

, wheref; is the angle between the forward transition radmatwave vector and the beam afis,
is the normalized electron velocity, e is the elattcharge, andvo is the frequency of the

11



radiation. To solve for the radiation emitted backwairtt® medium 1, we simply switch
subscriptsl « 2and substitute - - 5.

We can simplify the situation somewhat by noting thatthe case of an electron beam
diagnostic, we commonly find that medium 1 is vacuumendl. We are also more interested in
the radiation directed forward from the material inBEcuum than the radiation directed from
vacuum into the material. We can rewrite eq. 3.1 as

d2| :ezlgz sin? 8co< @ >(|I (5—1)(1_’32_1[‘3)/5—Sin28) ‘|2
dadQ  7°c (1—,3200526?)2 ‘(scos&ﬂ/a—sinzHXI—,[Ns—sinZH)‘

We can further simplify the situation by notingthfor relativistic electron beamg - 1. We
will also typically be dealing with angles whebe<< 1, so we can make the small angle

approximationssin® 8= (Oand cosd =1. We can also make the substitutionp¢e® (note that
X =1). If we make the approximation

(3.2)

Xz 1 _ 1 (3.3)
w22 2 - 4(1- x ) '
(l X ) [1+1j (l_x)z ( )

X
and further note thgf =1- 12 , we can rewrite eq. 3.2 as

d’l _ € sinfd € 6° (3.4)

dadQ  47°c (1- Bcosd)’ e (92 L1 JZ
y2

, Where we have also made use of the small angk®=aimations.

To solve for the radiation emitted backwards irite vacuum when the particle crosses from the
vacuum into the medium, we can simply chaffgéo 8 in eq. 2.36 and apply the same
simplifications as above to obtain

d?1 _ & We-1 e
dadlQ  7%c e +1] ( 1J2
0> +—=

(3.5)

2

4

This looks suspiciously like a Fresnel reflecti@nm, which makes good physical sense — the
waves that are emitted backward into the vacuuntterge that cannot propagate in medium 2
and are thus reflected from the boundary [18]. iBgifor the spectral intensity and plotting the
results demonstrates that the radiation is stropgéked at angleyland is null at zero:
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Figure 3.1.Angular dependence of the spectral intensity per unit aolgtke at 4.5 MeV and 20 MeV. From B.
Gitter [18].

. So far, we have considered only the case of part@iessing a foil at normal incidence.
Unfortunately, this arrangement is not particularly us&fum a beam diagnostic standpoint as
we would need to place our detector directly in the beamfinrauch more useful case arises if
we incline our foil at a non-zero angle, in which c#se backward radiation is emitted in the
direction of specular reflection from the foil surdae if the foil is oriented at 45 degrees to the
beam axis, the TR is emitted perpendicular to the beaere it can be easily imaged by a
detector outside the beam pipe. Although Pafomov has ajmeblthe general formulae for
oblique incidence [12], the equations are fairly unwieldgrtdmnately, for the case of optical
frequencies in metals, we can apply image charge theailye case of a perfectly conducting
metallic foil. For each particle crossing the faevie imagine that an antiparticle approaches from
a trajectory along the direction of specular reftactirom the foil. We can then consider
transition radiation to be the radiation emittednirahe pair annihilation process of these
particles interacting at the foil, with the followingpgession for spectral intensity:

d’l _ 1 | -esing ,_esing k
dadQ  47%c|1- Bcosd 1- Bcod|

(3.6)

, Wheref' is the angle with respect to the image chargeacm|, as shown below.

E+ (image chargs)

Figure 3.2.Image charge representation of back-emitted transigidiation. From B. Gitter [18].
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Figure 3.3.Theoretically predicted OTR angular distribution fromragka electron. White is highest intensity, dark
blue is lowest. From Carl Ekdahl’'s OTR Explorer softsvar

In Figure 3.3, we can clearly see the characteristiowatone pattern with a well-defined peak
at angle I and a null at the center of the pattern.

In order to further analyze the pattern of the OTRitligve need to define the two different
polarization directions, as shown below in Fig. 3.4eouts of the OTR pattern in the parallel
and perpendicular direction are shown in Fig. 3.5.

parpandicular
dlreccion

-

,_J-"" phobon
- Era]ectoary

Figure 3.4. Definition of polarization directions. From C. Vermaned D. Moir [17].
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Figure 3.5.Lineouts of the OTR angular pattern in the parallel ergpendicular directions for a single electron at

17.5 MeV. From Carl Ekdahl's OTR Explorer software.

Clearly the OTR pattern is symmetric in the perpendicdieection but not in the parallel
direction. From Eg. 3.6, we can see that the speateaisity depends on the andlesince the
target foil is inclined relative to the beam axis in th@izontal (parallel) directiorf varies
between the two lobes in the parallel direction it in the perpendicular direction. Returning
to the Fresnel reflection term analogy, we recall tihe reflection term is dependent on angle
relative to the surface; qualitatively, we would expéet tight at grazing incidence is reflected
more strongly than light at normal incidence and #hisni fact, what we observe.

So far, we have analyzed the OTR light from a girgéctron crossing from vacuum into a thin
metallic foil. Our real interest, of course, is inaéyzing an electron beam, which is an ensemble
of many individual particles. Thus, the OTR light produced doy electron beam is the
superposition of many single-electron patterns. The ceritthe angular pattern is defined by
the direction of specular reflection from the fehich is determined by the incident angle of the
electron. For a beam with nonzero emittance, eaclcleanas a slightly different component of
transverse momentum, which leads to a slightly gifie angle of incidence. Because of this, the
single-electron OTR patterns from each particle bgétsy offset from each other, leading to an
overall blurring of the pattern. The degree of blurring reatly related to the angular spread of
the beam and, therefore, the emittance. By utilizingant®! Carlo simulation of an electron
beam with a given divergence, we can produce the OgRlampattern, as shown below.
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Figure 3.6.Comparison of OTR angular pattern from single electrdtvei MeV (left) with beam at 17.5 MeV and
15 mrad RMS divergence (right). White is highest intgnsdiark blue is lowest. From Carl Ekdahl's OTR Explorer
software.

Spectral Density (arb.)

2 3 4

By
Figure 3.7.Vertical lineout of OTR angular pattern for a single &lac (red curve) and a beam with 15 mrad RMS
divergence (blue curve). From G. LeSage [7].

Clearly, the most striking difference in the two patteshown in Fig. 3.7. is the so-called valley-
to-peak ratio, the difference in intensity betweenleaks and the center minimum. This ratio is
useful as an initial estimate of the divergence; arcter@easure of the divergence can be
obtained by fitting a theoretically prescribed curve fagieen divergence to an empirical data
set.

At this point, it is reasonable to question what efthetparticular beam distribution will have on
the observed OTR pattern. In the development of his @Xjlorer software, Carl Ekdahl (Los
Alamos National Laboratory) has extensively investigatad issue and concluded that the
details of the beam distribution have an insignificeffeéct on the OTR angular pattern; thus, it is
possible to make an accurate emittance measurementoutvéh priori knowledge of the

particular distribution. Figure 3.8 below demonstrate$ #sathe number of elements in the
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Monte Carlo simulation are increased, the valley-takp@atio converges to a single value for all
beam distributions.

Convergence of Valley / Peak Ratio for different distributions

0.20 4 N = il L L 5
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Figure 3.8.Comparison of valley-to-peak ratio for different beantriigtions. Beam parameters are 20 MeV, 1400
mm-mrad normalized emittance, 5 mm RMS spot size. BRagk ¢s Kapchinski-Vladamirski (uniform) distribution,
green curve is Gaussian, blue curve is Rule-Fiorito digidn (Gaussian in angle, uniform in position). From C.
Ekdahl [23].

We may also question how the OTR angular pattern vaxés wavelength. Simulation
confirms that the pattern is essentially invariant s&ritne optical spectrum, as shown below in
Figure 3.9. Thus, there is no need to include any single-eagetl filters in the optical
collection system.

OTR at different wavelengths
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100 1
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0 T T T T T

30 35 40 45 50 55 60

Azimuth (degrees)
Figure 3.9.0TR angular pattern at different wavelengths. From C. EK@ahl
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The OTR angular pattern is also shown to be relatiirelariant for any reasonable value of
energy spread. Figure 3.10 below illustrates the pattewafaes ranging from 17.325 to 17.675
MeV, corresponding to a peak-to-peak energy spread of 2ut #im nominal 17.5 MeV FXR
beam energy; given recent energy analyzer measurertf@ttssuggest a 1% peak-to-peak
spread, this is a fairly conservative worst-case esém

OTR Angular Pattern vs. Energy Variation

— 17.5 MeV — 17.675 MeV 17.325 MeV
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Figure 3.10.0TR angular pattern vs. energy variation. Beam divergent® mrad RMS.

IV. TARGET FOIL CONSIDERATIONS

Due to the high current, long pulse length, and enefdijeoFXR beam, we must consider the
effects of beam-induced heating on our target material.tii® purposes of calculating the
survivability of our foil, we consider the heating to bstantaneous, since the deposited power
is orders of magnitude larger than the dissipation dwetimescale of the beam interaction (70
ns). Energy is deposited through ionization and excitatidhe target material according to the
Bethe-Bloch formula,

dE) _4m,e' z| (em? ),
S e

, where m, e, and v are the mass, charge, andityelitthe electron, respectively, ANis
Avogadro’s number, Z and A are the atomic number raass number of the atoms in the foil, |
is an effective ionization potential (=10Z e\f},is the normalized velocity, and x is the path
length in units of g/cf ~1.5 MeV crflg for most materials [18]. In order to find thecegy loss
per unit thickness of material, we simply need tdtiply by the density. Note that the beam also
loses energy due to bremsstrahlung and transitidiation as it crosses the foil, but this energy
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is not deposited in the foil — it leaves the foil e tform of EM radiation. Thus, the total energy
deposited is given by

AE = Ne[d—Ej oL (4.2)
dX ion

, where N is the number of electrons per shot (~1.28x#0 FXR),p is the density of the target
material, and L is the thickness of the target foil. CRdculate the heating of the material, we
recognize that the energy deposited must equal the chanderimal energyAE=pcVAT, where

p and c are the density and heat capacity of the targetriadaand V is the volume of material
intercepting the beam. Thus, we find that

)
dX ion

CcA

AT = (4.3)

, Where A is the cross-sectional area of the foikrcepting the beam. Interestingly, this

demonstrates that the instantaneous heating of the fmtiependent of the foil thickness and

density and depends only on the heat capacity. Given t@aathristics of several candidate

target materials, we have calculated the minimum gpettee material can tolerate, assuming a
uniform distribution. The results are tabulated below.

Material c (JgK) @ | p (glcnT) dE/dx Melting Minimum
290 K (J/lcm) point (K) Xrms (IMM)
Quartz 0.739 2.64 6.34E-13 1700 2.46
Mylar 117 1.39 3.35E-13 527 3.49
Kapton 0.747 1.42 3.41E-13 793 3.01
Aluminum | 0.897 2.70 6.49E-13 934 3.35

Table 4.1.Thermal properties and minimum tolerable spot sizevdoious target materials. Note that Kapton does
not melt, but decomposes at 793 K.

Hardware

V. EXPERIMENTAL SETUP AT FXR

Our diagnostic at FXR consists of three basic compsnéime target foil, the optical collection
system, and the camera. For our target, we chose #&zdodrwith 0.015 inch thickness.
Although Kapton, Mylar, and other plastic materials available in thinner sheets, quartz has
the advantage of hardness and surface flatness, contpatel tendency of some thin films to
wrinkle and bubble; quartz is also the most robust chwiceerms of thermal loading. The
upstream-facing side of our foil was polished and coated @00 Angstroms of Aluminum
using a high-precision vacuum deposition process in oocdpravide an optical quality surface
for observing the OTR angular pattern. The back sidbeofdil was ground to a frosted texture
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(64 microinch finish) such that Cerenkov light generatethe bulk of the foil scatters from the
frosted surface, allowing easy imaging of the beam spatadile. Quartz also afforded us the
possibility of simultaneously observing the OTR angulatrdtiution and the beam spatial profile
for single-shot emittance measurement, as shown below

N

Diffusing Screenr

1 1 Lens focued at
infinity

OTR light

Aluminized Quartz Foil

Scatterec
Cerenkov light
Lens focuset
on target foil

Figure 5.1.Simultaneous observation of beam divergence and spatiié pFoom G.P. LeSage [7].

In this arrangement, the OTR angular distribution iaged from the aluminized side of the foll,
while scattered Cerenkov light is imaged from the frdstjaartz side to obtain the spot size,
allowing true single-shot measurement of both the angiilergence and the spatial profile of
the beam and, hence, the emittance. Unfortunatelyattie of a second camera during our
experimental runs prevented us from utilizing this feature,aagular spread and spot size were
imaged separately by exchanging lens packages. The capé&hilgyngle-shot measurements,
however, can be easily implemented in the future.

The foil was mounted in a 4.375” diameter black Delrirdbgl which was then attached to a
manually operated linear inserter in the diagnosticscaisthe downstream end of the FXR
accelerator. In order to minimize scattered background, lidf& interior of the cross was
anodized black. Proper orientation of the foil wasfieet by launching a HeNe alignment laser
down the bore of the accelerator from an in-vacuuimomnear the injector and adjusting the
orientation of the foil such that the laser wasa@#d out of the diagnostic cross at 90 degrees to
the beam axis.

In order to collect a suitable portion of the OTR angpkttern, our lens system was designed
using the OSLO computer code to collect a full angle d¢éadt 8y, or about 13 degrees. OSLO
simulation also verified that the full range of lighibuld be collected from every point in the
finite spatial profile of the beam so as to not add aapainvolution to the resulting data; care
was also taken to minimize aberrations in the focusirgjesy. Early OTR-based emittance
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measurements at FXR utilized a system of 8” diametleatmn lenses mounted to an optical
table breadboard outside the diagnostic cross [7]. Whitesetup was effective, it was prone to
accidental misalignment and was difficult to focusotder to ease the installation and setup of a
production OTR diagnostic, we have utilized a self-aomd lens package consisting of a black
Delrin cylinder housing two 4” diameter positive achromasdsn(f=500mm) which project onto
a frosted glass diffuser screen at the rear of thmdsd. The focal length of the package is
adjustable by sliding the diffuser screen in and out ef tiain tube and can be locked by
tightening two set screws. For observation of the OTBukar pattern, the diffuser screen is
located at the focal length of the lens package suchhibatystem is focused at infinity; in this
configuration, all rays of a given direction map to a lemgpint regardless of their spatial point
of origin. The entire assembly is held in place by ammaium flange mounted directly to the
diagnostic cross such that the collection lensedlash against the viewport on the side of the
cross and are as close as possible to the OTR taibetthis allows us to use smaller, lighter,
less expensive lenses while still collecting the retpisimount of light. On the raytrace
simulation shown below, the rays originate from ehéint points on a 10 mm spot and at
different angles — the green rays are axial, while¢deand blue rays are emitted at +4 4/he
mapping of incident angle to detector position is cleagiypadnstrated.

f=500mm positive
achrcmat lense

10 mm¢spot on
OTR target fo

Figure 5.2.Raytrace simulation of angular data collection opticsgu€i6LO.

Diffuser screen

Diffuser
screen

!

Figure 5.3.0TR lens packagé

For connection to our camera system, a conventionan8®amera lens was mounted in a
Delrin holder and an adapter flange was manufacturedotantrthe camera lens to the OTR
package at the proper focal length such that the entitensysimply slides together with no
adjustment required. Angular calibration of the systeas achieved on the tabletop by
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launching a low-power laser into the collection lens &hown angle and mapping input angle
vs. location on the detector, yielding a result of 39.%&lpi/ degree and confirming a total field
of view of 25.76 degrees or 15/8tomfortably beyond the minimum requirement. Although t
should provide more than acceptable resolution, it may bieathe to reduce this field of view
in the future in order to enhance the resolution oftfgular pattern.

Our camera of choice was a Princeton InstrumentS@A-with <5ns gating, >1000:1 contrast
ratio (with thermoelectric cooling), 1024x1024 pixel resolutiand 16 bit dynamic resolution.
The camera was enclosed in a metal box surrounded bydeadrdy and EMI shielding and
was located approximately two meters to the side ob#aanline so as to be clear of the direct
bremsstrahlung path of the linac. The camera was comhiitbda high-speed Gated Optical
Intensifier to allow exposure times down to %2 ns. Ti@ Gomprises a photocathode, a micro
channel plate (MCP), and a high-voltage electrical pulsyggem. The GOI has an equivalent
15 bit dynamic range based on a CCD noise floor of approsiyn&00 counts and a nonlinear
response above approximately 20000 counts with the GOI sdys#eti to maximum and the
CCD analog gain set to medium. The CCD was linketi¢aptical collection system through a
fiber bundle made of 400 x 400 én diameter fibers [7].

Software

Initial collection of raw data was accomplished througke Roper Scientific WinView32

proprietary software; this program provides not only imaggture capabilities but provides
access to all of the camera hardware settings, includatgctor temperature, analog gain,
exposure time, etc. Images are stored in the proprietaBy Brmat, which provides 16-bit

1024x1024 resolution and also records the camera settingscfoimeage. A screen shot of the
program with raw spot size and OTR angular images isist@low.
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Figure 5.5.Raw data images in WinView32 software.

RMS spot size measurement was accomplished through @HEWAb VI provided by Greg
LeSage and Scott Anderson. Given a raw image in TIRRdQrthe VI will perform a Gaussian
fit to the data and calculate both the Gaussian sgmiathe RMS size of the beam, as shown

below.
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Figure 5.6.Spot size calculation software from Greg LeSage antt S8nderson.

Initial processing of the OTR angular data imagery wasmaplished through another custom-
designed LabVIEW VI. The software first performs a 4dpass filter on the entire image to
remove radiation speckle noise — each pixel is comparets neighboring pixels and, if the
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difference exceeds a given percentage, the offending ipixeplaced with the average value of
its neighbors. The percentage threshold and filteraieedjustable on the front panel of the VI
and were optimized to provide the most effective filterinthwhe least impact on the overall
image pattern. Next, the software locates the cagitdie OTR angular pattern and performs a
lineout in both the horizontal and vertical directioAsnedian filter is then applied to the lineout
data to smooth out irregularities; again, the filtdtisgs are adjustable via the front panel of the
VI and were optimized to provide the most effectiNtering with the least impact on the overall
pattern. Finally, given an angular calibration, thetAdes the horizontal lineout data, converts it
to intensity vs. azimuth angle from the surface ef fihil, and stores the data as a two-column
text file; a rough estimate of the beam energy (catedl from the spacing of the peaks) and the
valley-to-peak ratio is also provided.
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Figure 5.7.Image processing LabVIEW VI for OTR angular data. lhiorizontal and vertical lineouts of the OTR
angular pattern at the bottom of the image, the red ¢simaav data, while the white curve is the data aiterihg.
A plot of intensity vs. azimuth angle is shown in the upjggrt

The final step in emittance calculation utilizes th€ROExplorer software provided by Carl
Ekdahl of Los Alamos National Laboratory. The softwtakes the horizontal lineout data and
the RMS spot size measurement as input and, using tleg-talpeak ratio of the OTR angular
distribution as an initial guess, performs a maximumlhk®d two parameter fit to yield the
normalized emittance. The basis of the code is thdesglgctron OTR theory developed by V.E.
Pafomov [12]. Extensive testing of the code has beeroqmeefl by Carl Ekdahl at the Los
Alamos DARHT facility to ensure internal consisteras/well as consistency with other OTR
codes and other measurement techniques [23]. As discusshd thebry section, the OTR
angular pattern is nearly independent of the exact dethilke beam distribution, and so an
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accurate emittance measurement can be made withoutrightive exact characteristics of the of
the beam distribution at FXR; any reasonable valuenefgy spread also produces a negligible
effect in the OTR pattern.
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Figure 5.8.Carl Ekdahl’'s OTR Explorer software.

VI. DATA REDUCTION
Our camera system was configured with the following pararséor data collection:

« CCD temperature =-30 C
 CCD exposure time = 0.5 sec
* GOl exposure time =1 ns

The initial step before collecting and analyzing any adatd was to verify the correct timing of
the camera trigger. With the spatial imaging lens packeggalled, we took three exposures: one
at what we believed to be the center of the beanepalse 60 ns ahead of center, and one 60 ns
after center in order to bracket the 70 ns beam pulsexpscted, we observed beam at the
center of the pulse and no beam 60 ns off-center inredihection. After collecting additional
spot size data, we analyzed the total counts on the C@Dragion around the beam profile in
order to compare to the known current profile; since @nbjifferent temporal locations were
investigated, a sixth-order polynomial was fit to theadadints to yield a complete curve. The
results are shown in the charts below.
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Figure 6.2.Beam pulse current measurement

Given the obvious similarity in the shape of the pulde®savs in Figs. 6.1 and 6.2, we can
conclude that our trigger timing is correct; although thétlvof the pulse is approximately 100
ns FWHM in Fig. 6.1, additional data points would likely yieldusve more similar to the 70 ns
FWHM pulse shown in Fig. 6.2.

The next step was to adjust transport magnet settinfictis the beam to a waist at the OTR
target foil, which was accomplished by adjusted the currethe DR1 and DR2 solenoids,
which are the first transport magnets in the driftiseammediately following the linac. In order
to produce a relatively large spot size at the waistsstm minimize the chance of damage to the
foil, we chose to focus the beam hard as far upstregmnsssble. DR1 was set at its maximum
current of 425 A while DR2 was scanned through a range froond@5 A, and the RMS spot
size was calculated at each point. The measurementepasted at three separate temporal

26



locations in the beam — once in the center of the 1&am pulse, once at 20 ns ahead of center,
and once at 20 ns behind center. The results are shdive aiart below.
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Figure 6.3.RMS spot size as a function of DR2 current. The blue ¢uvite 80 ns camera trigger delay, represents
the center of the beam pulse, the pink curve the lasatbithe yellow curve the tail.

Clearly, the focusing of the beam is distinctly diffgrat different times within the beam pulse;
this would seem to indicate a variation in energy amdémittance between the head and tail of
the beam. Although the waist appears to occur at sfiglffierent focusing strengths depending
on the temporal location within the pulse, we select&2£200A as the optimal setting to
achieve a waist at the OTR foil. The RMS spot sizesmeanents at 60, 80, and 100 ns camera
trigger delay were then utilized for the RMS emittanalewdation; due to run time constraints,
we were limited to one measurement at each tempomation.

60 ns 80 ns 100 ns
2.52 mm RMS 2.23 mm RMS 2.12 mm RMS

Figure 6.4.Beam profile images at 60, 80, and 100 ns camera trigger. dela
It is worth noting that a lineout of the spot size imadesonstrates that the distribution is

almost perfectly Gaussian, as shown below. This i®texpected from an emittance-dominated
beam.

27



Summed Lr;i:&n'skag_"

[ F [ [
1000 200 200 400
Pixels

Figure 6.5.Spot size analysis showing experimental data from FXRéwaurve) and best Gaussian fit (red curve).

After locating the beam waist, the angular lens packaggeinstalled and angular data collected
at 60, 80, and 100 ns camera trigger delay. The raw data wassgedcin the LabVIEW VI

described above and the resulting lineout data was anaiyz€drl Ekdahl's OTR Explorer

software to yield the emittance and angular spread. fRirgqoared value of the fit to each of the
images shown below was approximately a factor of 3 Idivan the sample data provided with
the OTR Explorer software, indicating a good matclwben theory and measurement. Initial
observation of the angular spacing between the peakBeoOTR pattern confirms a beam

energy of ~17.5 MeV.

60 ns 80 ns 100 ns
42.7 mrad RMS 46.4 mrad RMS 49.7 mrad RMS

60 ns 80 ns 100 ns
445 mrad RMS 43.9 mrad RMS 57.0 mrad RMS
Figure 6.6.Angular distribution images at 60, 80, and 100 ns cam@getridelay. Total field of view is 25.76
degrees in both dimensions.
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The faint vertical line visible in each image is presunmebte caused by a darkening of one of
the layers of the optical fiber bundle — during the nfacturing process, flat rows of fibers are
fused together and stacked atop each other layer by fayeing the overall two dimensional
grid of the bundle; apparently, one layer was eitherralty somewhat opaque or is somehow
more susceptible to radiation-induced darkening. Fortunateyeffect on the overall pattern is
minimal.
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Figure 6.7.Horizontal lineout of OTR angular distribution. Azimuth aagd measured from the surface of the

target foil in the horizontal dimension.

The lineout data shown above is the final result dbt®rpass and median filtering. The spacing
of the peaks is approximately 1.6 degrees or 28 mrad, whicbspomds to a beam energy of
~17.5 MeV.
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Figure 6.8.Least-squares fit in OTR Explorer software. Red cunegripirical data, blue curve is analytic fit.

Emittance vs. time
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Figure 6.9.RMS spot size (pink curve), RMS divergence (yellow cyraayl RMS emittance (blue curve) as a

function of time.
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VIl. CONCLUSIONS

Optical transition radiation has been verified as a viabMtance measurement technique for
the FXR beam — our empirical measurement of the OTdrRilan pattern matches theoretical
predictions very well, and our measured emittance vauvesn good agreement with previous
OTR measurements as well as previous magnet scan nreastseas shown in Table 7.1.

Average Normalized RMS Emittance
Measurement Type (cm-mr)
Magnet scan [6] 400
OTR (G. LeSage [7]) 370
OTR (J. Jacob et. al.) 380

Table 7.1.Summary of recent emittance measurements at FXR

As noted in the introduction and illustrated in Table th& measured emittance at FXR is both
considerably higher than simulations predict and alschrhigher than measured values at other
similar facilities. Given the inability of simulatiort® accurately model the physics of non-
uniform cathode emission, which is the suspected root caudbeohigher-than-expected
emittance at the injector exit [24], a robust and accueatétance measurement system is
required to provide empirical feedback on the efficatyen accelerator tunes and hardware
improvements; we believe we have demonstrated tha©Od& diagnostic fulfills this role. The
next logical step for OTR measurement is to furtheestigate the temporal evolution of the
emittance throughout the beam pulse, and also to begimieah measurements of emittance vs.
cathode gap, bucking coil field, injector solenoid fieldsd other hardware settings that may
have a significant impact on the emittance of the batthe injector exit. In the future, the OTR
diagnostic can be significantly improved by adding a sg#coamera to facilitate the
simultaneous collection of spatial and angular datagbyeallowing true single-shot emittance
measurement.
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